The effects of phosphorus deficiency on carbohydrate accumulation and utilization in 34-day-old soybean (Glycine max L. Merr.) plants were characterized over a diurnal cycle to evaluate the mechanisms by which phosphorus deficiency restricts plant growth. Phosphorus deficiency decreased the net CO2 exchange rate throughout the light period. The decrease in the CO2 exhange rate was associated with a decrease in stomatal conductance and an increase in the internal CO2 concentration. These observations indicate that phosphorus deficiency increased mesophyll resistance. Assimilate export rate from the youngest fully expanded leaves was decreased by phosphorus deficiency, whereas starch concentrations in these leaves were increased. Higher starch concentrations in phosphorus-deficient youngest fully expanded leaves resulted from a longer period of net starch accumulation and a shorter period of net starch degradation relative to those for phosphorus-sufficient controls. Phosphorus deficiency decreased sucrose-P synthase activity by 27% (averaged over the diumal cycle), and essentially eliminated diurnal variation in sucrose-P-synthase activity. Diumal variations in nonstructural carbohydrate concentrations in leaves and stems were also less pronounced in phosphorus-deficient plants than in controls. In phosphorus-deficient plants, only 30% of the whole plant starch present at the end of a light phase was utilized during the subsequent 12-hour dark phase as compared with 68% for phosphorus-sufficient controls. Although phosphorus deficiency decreased the CO2 exchange rate and whole plant leaf area, accumulation of high starch concentrations in leaves and stems and restricted starch utilization in the dark indicate that growth processes (i.e. sink activities) were restricted to a greater extent than photosynthetic capacity. Further experimentation is required to determine whether decreased starch utilization in phosphorusdeficient plants is the cause or the result of restricted growth.
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Phosphorus has an important role in the photosynthetic carbon metabolism of leaves (6, 23) . Phosphorus deficiency has been shown to decrease photosynthetic rate per unit leaf area (5, 14) and whole plant leaf area to a greater extent than whole plant dry mass (5, 1 1). Despite decreasing the photosynthetic rate per unit leaf area, phosphorus deficiency caused increased starch concentrations in leaves (5) , which indicates effects on biochemical partitioning of photosynthate. Starch formation is controlled by the ratio of 3-phosphoglyceric acid to Pi in the chloroplast (9) . A relatively high ratio activates ADP-glucose pyrophosphorylase, resulting in net accumulation of starch and decreased export of fixed carbon from the chloroplasts, whereas a low ratio simultaneously inactivates ADP-glucose pyrophosphorylase and stimulates phosphorylase, resulting in the net degradation of starch (9) .
SPS2 is a key regulatory enzyme in the sucrose synthesis pathway, and its activity in leafextracts is positively correlated with the capacity for leaf sucrose formation and negatively correlated with leaf starch accumulation (10) . Phosphate has been found to inhibit SPS activity in vitro being a competitor with the substrate UDP-glucose in the spinach enzyme (1) . The response of SPS activity to phosphorus deficiency seems to vary with plant species. The extractable enzyme activity from sugar beet leaves was increased by phosphorus deficiency (19) , whereas extractable activity from soybean leaves was decreased by phosphorus deficiency (5) . In addition, diurnal fluctuations in the SPS activity of soybean leaves has been reported (20) , which indicates that accurate assessment of the phosphorus-deficiency effect on SPS activity may require measurements over a diurnal cycle.
Although there is a considerable body of information on the role of Pi in regulating the partitioning of photosynthate between starch and sucrose in isolated individual leaves (2) , the function of phosphorus in regulating nonstructural carbohydrate accumulation and utilization in whole plants is poorly understood. In particular, the effects of phosphorus deficiency on photosynthate transport into stems and roots and on its accumulation and utilization in these organs have not been investigated.
Although phosphorus deficiency has been shown to decrease the photosynthetic rate of leaves (5, 14) , several reports indicate that plant growth may be more sensitive to a given level of phosphorus deficiency than photosynthesis. Eaton (3) observed that phosphorus deficiency increased the starch concentrations in stems of soybean plants by as 
Gas Exchange Measurements
Net CER, internal CO2 concentration, stomatal conductance, and transpiration rate were simultaneously measured using a portable Analytical Development Co. photosynthesis system (Hoddesdon, England) equipped with a cuvette that enclosed the upper and lower surfaces of a 6.25-cm2 area of leaf. Ambient air containing approximately 350 jL.liter-' CO2 was circulated through the cuvette at a flow rate of 400 mL min-'. Differentials between CO2 concentrations in gas streams entering and exiting the cuvette attained constant values within 45 s of attaching the cuvette to the leaves. On 34 DAT, photosynthetic measurements were taken on the center leaflets of the YFE leaves on the main stem at 0830, 0900, 1100, 1700, and 1930 h. The YFE mainstem leaves used for photosynthetic measurements experienced minimal shading by leaves above them. When CER measurements were made, the cuvette was held perpendicular to the sun to maximize light intensities striking the leaf. Measurements were made on a clear day when light intensities between 1 100 and 1700 h exceeded 1800 timol quanta-m-2-s' (Fig. lA) .
Temperatures of leaves within the cuvette recorded at the end of the 45-s measurement period ranged from 29.5 ± 0.20C at 0830 h to 36.1 ± 0.4°C at 1700 h. The CER, internal CO2 concentration, stomatal conductance, and transpiration rate were calculated according to the equations ofvon Caemmerer and Farquhar (22) . 
Assimilate Export
The rate of assimilate export was calculated using the following equation (13) 
Sampling Protocol
On 34 DAT, plants were sampled at 3-h intervals, starting at 0900 h and ending at the same time on the following day. On the same YFE leaf, trifoliolate leaf (T3) for 0.05 mM phosphorus and T5 for 1.00 mm phosphorus, the photosynthetic rate was measured and six discs (total area equal to 2.65 cm2) were taken. Leaf discs were placed into ice-cold 80% ethanol until they could be transferred to the laboratory for storage at -20C until analyzed for starch, sucrose, and hexose. Immediately after taking discs, the YFE leaves were excised, and fresh weight and leaf area determined. The YFE leaves were then frozen on dry ice and stored at -80°C until analyzed for SPS activity. The remainder of the plants was separated into leaves, stems (plus petioles), and roots and frozen on dry ice. The tissues were freeze-dried, weighed, and ground to pass a 1-mm screen.
Carbohydrate Analysis
The leaf discs were ground in 80% ethanol and extracted twice in 80% ethanol at 80°C for 10 min. After centrifugation, an aliquot from the supernatant was assayed enzymatically for sucrose and hexose (12) . Hexose concentrations determined by this procedure (12) include glucose, glucose-6-phosphate, fructose, and fructose-6-phosphate. Ethanol-insoluble material was gelatinized by boiling in 0.2 M KOH for 30 min. After adjusting the pH to 5.5 with 1.0 M acetic acid, the gelatinized starch was digested for 30 min with amyloglucosidase, and the glucose determined enzymatically using hexokinase and glucose-6-P dehydrogenase (13) . The same procedures were used to determine starch and soluble sugar concentrations in leaves, stems, and roots with the exception that 20 mg of ground tissue was used.
SPS Activity Assay
Extracts of frozen samples of YFE leaves were prepared and assayed for SPS activity as described by Kerr et al. (13) . Extracts were assayed within 1 h of initiating the extraction.
Total Phosphorus Measurements
Tissue samples (about 100 mg) were digested by a Kjeldahl procedure (7, 17) . Aliquots of the digests were adjusted to pH 3 by adding 4 N KOH. The total phosphorus concentration of the digests was determined by the ammonium molybdate method of Murphy and Riley (16) .
Experimental Design and Statistical Analysis
The experimental design was a randomized complete block with four replications. All combinations of two factors (treatment and time) were randomly assigned to each block. The data were analyzed using the analysis of variance procedure of the Statistical Analysis System (8) 
RESULTS

Plant Growth and Organ Phosphorus Concentrations
Phosphorus deficiency reduced the vegetative growth stage (V6 in P-deficient plants versus V9 in controls) and canopy leafarea (Table I) . Whole plant dry weight was decreased 82% by phosphorus deficiency. External phosphorus deficiency decreased the phosphorus concentrations in all organs by about 70% and the shoot/root ratio by 35% relative to controls (Table I) . Decreased dry matter accumulation and organ phosphorus concentrations in phosphorus-deficient plants were associated with a 95% decrease in whole plant phosphorus accumulation. A greater proportion of whole plant phosphorus was accumulated in roots under phosphorus deficiency. Phosphorus deficiency increased specific leaf weight by 37% (Table I) .
Net CO2 Exchange Rate and Assimilate Export Rate Phosphorus deficiency depressed the photosynthetic rate of the YFE leaves over the light phase (Fig. lA) . Averaging over all sampling times except the 1930 h sampling indicates that phosphorus deficiency decreased the CER of YFE leaves by 30% (Fig. IA) . At 1930 h, the light intensity was below the CO2 compensation point. Phosphorus deficiency caused a 6% increase in internal CO2 concentration (Fig. 1B) , a 25% decrease in stomatal conductance (Fig. IC) , and had a minimal effect on transpiration rate (Fig. ID) .
The estimated rate ofassimilate export from the YFE leaves during the light phase was also reduced by phosphorus deficiency ( Fig. 2A) . In both treatments, the patterns of export rates generally paralleled those of CER (Figs. IA and 2A) . On the average, the export rate accounted for 83% oftotal carbon input (i.e. CER) in the phosphorus-deficient YFE leaves and 90% in controls (Fig. 2B ).
Diurnal Changes in Carbohydrates in the YFE Leaves
Phosphorus deficiency increased the concentration ofstarch in the YFE leaves over the diurnal cycle (Fig. 3A) . However, during a period from 1500 to 1800 h, the concentrations were similar in the two treatments. The concentration of starch continuously increased throughout most of the light phase in the YFE leaves of both treatments, reaching a maximum at 2100 h in the phosphorus-deficient YFE leaves and at 1800 h in controls. The concentrations in both treatments declined to a minimum at the end of the dark phase. The YFE leaves of phosphorus-deficient plants thus had a longer period of net starch accumulation and a shorter period of net starch degradation than those of controls (Fig. 3A) . Over the diurnal cycle, starch accounted for 90 to 95% of the TNC in leaves of phosphorus-deficient plants (Fig. 3) .
The sucrose concentration in the YFE leaves of controls increased linearly from the beginning of the light phase to 1500 h, declined rapidly until the beginning ofthe dark phase, and then remained constant over the dark phase. Under phosphorus deficiency, however, the sucrose concentration increased rapidly during the first 3 h of the light phase to a plateau, and then decreased gradually during the dark phase. Comparing means obtained by averaging over the diurnal cycle indicates that phosphorus deficiency decreased the sucrose concentration of YFE leaves by 25%.
The concentration of hexose in the YFE leaves of control plants reached a maximum at 1200 h, decreased during the afternoon, and remained at a minimum throughout the dark phase (Fig. 3C) . In contrast, the hexose concentration in the YFE leaves ofphosphorus-deficient plants was generally lower than that of controls and relatively constant over the diurnal cycle.
Diurnal Change in SPS Activity SPS activity was decreased by an average of 30% over the light phase and 24% over the dark phase by phosphorus deficiency (Fig. 4) . The YFE leaves of controls showed two peaks separated by 12 h. The diurnal variation in SPS activity was much less pronounced in the YFE leaves of phosphorus-deficient plants as the activity during the 2100 to 0300 h dark period averaged 93% of the maximum activity at 1200 h (Fig. 4) .
Diurnal Changes in Nonstructural Carbohydrates in Whole Plants
The diurnal fluctuation in the starch concentration of leaves (all leaves except the YFE leaf) was less in phosphorusdeficient plants than in controls (Fig. SA) . The concentration in leaves of phosphorus-deficient plants was about twofold higher than that of controls at the beginning of the light phase. Maximal starch concentrations in both treatments were similar and occurred between 1500 and 1800 h and, thereafter, the decrease in the starch concentration was much slower in the leaves of phosphorus-deficient plants than in leaves of controls.
The starch concentration was consistently higher in the stems of phosphorus-deficient plants compared with controls. However, the diurnal variation in stem starch concentration was much less pronounced in the phosphorus-deficient plants (Fig. SB) . Starch concentration in roots of phosphorus-deficient plants was significantly lower than that of control plants between 1500 and 2400 h and similar to that of controls at other sampling times (Fig. 5C ).
Phosphorus deficiency decreased the concentrations of sugars (hexose + sucrose) in all organs (Fig. 5, D-F) . Diurnal variation in the sugar concentration in leaves of controls exhibited two peaks at 1200 and 0300 h, respectively. However, the sugar concentration in the leaves of phosphorusdeficient plants was relatively constant throughout the light phase and followed a pattern similar to controls over the dark phase. Although the sugar concentrations in the stems and roots were consistently lower in phosphorus-deficient plants than in controls over the diurnal cycle, patterns of diurnal variations were similar in both treatments (Fig. 5, E and F) .
Phosphorus deficiency increased starch as a percentage of TNC in all organs throughout most of the diurnal cycle (Fig.  5, G-I) . Under phosphorus deficiency, starch accounted for 86 to 93% of the TNC pool in leaves (Fig. 5G) , 61 to 74% in stems (Fig. 5H) , and 24 to 35% in roots (Fig. 5I) over the diurnal cycle. Starch as a percentage of TNC in leaves and stems of phosphorus-deficient plants was high and relatively constant over the diurnal cycle. In controls, however, starch as a percentage of TNC in leaves and stems increased during the light phase and decreased in the dark phase (Fig. 5, G and   H ).
Carbohydrate Utilization within the Whole Plants at Night
Leaves were the major reservoir for storing starch in both phosphorus treatments, accounting for 85% of the whole plant starch at the end of the light period (Fig. 6) . At the end of both the light and dark phases, the root sugar pool in phosphorus-deficient plants accounted for about 50% of the whole plant sugar pool, whereas the stem sugar pool of controls accounted for about 40% of the whole plant sugar pool.
To determine the effect of phosphorus deficiency on whole plant carbohydrate utilization in the dark, the total amount of carbohydrates lost during the dark phase was evaluated relative to the total amount of the carbohydrates available at the end of the light phase (Table II) . After a 12-h dark period, only 30% of the total starch present at the end of the light phase was utilized in phosphorus-deficient plants, compared with 68% in controls. In controls, the magnitude of organ Time of Day,hour (Table II) . DISCUSSION Phosphorus deficiency decreased photosynthetic activity per unit leaf area by 30% (Fig. IA) and whole plant leaf area by 90% (Table I) . However, despite this decreased photosynthetic capacity, phosphorus-deficient plants had significantly higher nonstructural carbohydrate concentrations in leaves and stems (Fig. 3A and 5, A and B) than phosphorus-sufficient controls. These results reveal that plant growth processes related to development of new tissues (sink activity) were more sensitive to the imposed phosphorus deficiency than photosynthetic processes. Therefore, decreased carbohydrate availability does not account for the negative effect of phosphorus deficiency on dry matter accumulation in soybean. Likewise, Fredeen et al. (5) observed that expanding leaves of phosphorus-deficient soybean plants had a 30-fold higher starch concentration than expanding leaves of controls and concluded that leaf expansion was not limited by carbohydrate availability.
Higher nonstructural carbohydrate concentrations in phosphorus-deficient plants were due entirely to the accumulation of high starch concentrations (Fig. 5, A and B) , inasmuch as sucrose and hexose concentrations were significantly lower in these plants than in the control (Fig. 5, D-F Phosphorus deficiency also significantly increased the starch concentration in the stems throughout the diurnal cycle (Fig. 5B) . This occurred even though phosphorus deficiency decreased the rate of photosynthate export from the source leaves in the light ( Fig. 2A) and carbohydrate mobilization from the leaves in the dark (Table II) . Both effects would decrease entry of sucrose into the phloem and its transport to stem and root tissues. Concentrations of sugars in stems of phosphorus-deficient plants were significantly lower than those in controls (Fig. 5E) . Clearly, under phosphorus deficiency much of the carbon transported from the leaves into the stems was converted to starch rather than being utilized for growth.
Starch and sugar (hexose + sucrose) concentrations in roots of phosphorus-deficient plants were lower than or similar to that in controls over the diurnal cycle (Fig. 5, C Table I ).
In contrast to our results, Fredeen et al. (5) have reported that phosphorus deficiency increases the starch and sucrose concentrations in the fibrous roots of soybean plants. Appar- ently, starch and sugars are concentrated in the fibrous roots, and treatment differences are reversed when the whole root system is sampled as was the case in this study.
The mechanisms by which phosphorus or any nutrient deficiency inhibits starch utilization in leaves and stems of intact plants have not been investigated (18, 21) . However, several plausible mechanisms could account for impairment of starch utilization in leaves and stems by phosphorus deficiency: (a) direct inhibition of an enzymatic step(s) in the starch degradation pathway; or (b) indirect inhibition through negative effects on sink activity of expanding tissues and on meristematic development. If the first mechanism is operative, then decreased starch degradation may be partially responsible for decreased growth under phosphorus deficiency. If the second mechanism is responsible for decreased starch utilization, accumulation of high starch concentrations in leaves and stems of phosphorus-deficient plants may be the result of decreased growth rather than the cause of decreased growth.
Both sucrose and hexose concentrations in the YFE leaves were decreased by phosphorus deficiency (Fig. 3, B and C) . Sucrose phosphate synthase activity was positively correlated with sucrose concentration (Figs. 3B and 4 ; r = 0.621). This suggests that the decreased sucrose concentration in the YFE leaves ofphosphorus-deficient plants resulted from reductions in the activity of the sucrose biosynthetic pathway (Fig. 4) .
Plants used in our study exhibited a much greater diurnal fluctuation in starch concentration of fully expanded leaves ( Fig. 2A) than was reported for fully expanded leaves of soybean plants grown in growth chambers (2, 5) . This difference is probably related to differences in light intensities. On clear days, our outdoor-grown plants were exposed to light intensities that approached 1900 umol quanta.m-2s ', whereas the plants grown in growth chambers (5) were exposed to 525 ,mol quantam-2s1.
The phosphorus-deficiency treatment (0.05 mM P) used in this study was rather severe, with whole plant dry mass and leaf area being decreased by 82 and 87%, respectively (Table  I) . Responses of carbohydrate metabolism to a less severe deficiency could differ from those described herein. This possibility will be examined in a subsequent report on how the carbohydrate status of soybean plants changes during onset and recovery from phosphorus deficiency. This information will also be used to further evaluate mechanisms that account for decreased starch utilization in phosphorus-deficient plants.
